Greatwall (Gwl) kinase plays an essential role in the regulation of mitotic entry and progression. Mitotic activation of Gwl requires both cyclin-dependent kinase 1 (CDK1)-dependent phosphorylation and its autophosphorylation at an evolutionarily conserved serine residue near the carboxyl terminus (Ser-883 in Xenopus). In this study we show that Gwl associates with protein phosphatase 1 (PP1), particularly PP1␥, which mediates the dephosphorylation of Gwl Ser-883. Consistent with the mitotic activation of Gwl, its association with PP1 is disrupted in mitotic cells and egg extracts. During mitotic exit, PP1-dependent dephosphorylation of Gwl Ser-883 occurs prior to dephosphorylation of other mitotic substrates; replacing endogenous Gwl with a phosphomimetic S883E mutant blocks mitotic exit. Moreover, we identified PP1 regulatory subunit 3B (PPP1R3B) as a targeting subunit that can direct PP1 activity toward Gwl. PPP1R3B bridges PP1 and Gwl association and promotes Gwl Ser-883 dephosphorylation. Consistent with the cell cycle-dependent association of Gwl and PP1, Gwl and PPP1R3B dissociate in M phase. Interestingly, up-regulation of PPP1R3B facilitates mitotic exit and blocks mitotic entry. Thus, our study suggests PPP1R3B as a new cell cycle regulator that functions by governing Gwl dephosphorylation.
It has been well established that cell cycle progression through mitosis is controlled by mitotic kinases, especially CDK1/Cyclin B. 3 Regulated activation and inactivation of these kinases are defining events of mitotic entry and exit (1) (2) (3) . Interestingly, recent studies characterized a new Ser/Thr kinase, Gwl (also known as microtubule-associated serine/threonine kinase-like (MASTL)), that plays an essential role in mitotic entry and maintenance (4 -7) . The underlying mechanism of Gwl-dependent mitotic regulation is distinct from that of other mitotic kinases (8, 9) . CDK1 and most other mitotic kinases directly phosphorylate numerous substrates that regulate spindle formation, chromatin condensation, nuclear envelope breakdown, and other mitotic processes (1) (2) (3) . In contrast, Gwl phosphorylates two related proteins, ␣-endosulfine (ENSA) and cAMP-regulated phosphoprotein 19 (ARPP19), which then bind and inhibit PP2A/B55 (8, 9) . Because PP2A/B55 is the principal phosphatase to dephosphorylate CDK1 substrates, its inhibition via the Gwl-ENSA/ ARPP19 pathway allows mitotic phosphorylation of CDK1 substrates and warrants robust induction of mitotic entry (10 -12) . Consistent with the important function of Gwl, evidence obtained in various experimental systems demonstrated that Gwl deficiency led to severe defects of mitotic entry and progression (13) (14) (15) (16) . Interestingly, emerging evidence revealed a strong connection between Gwl up-regulation and cancer progression (17, 18) . Several studies also characterized Gwl as a highly valuable drug target for cancer therapy (17, 19 -21) .
Compared with the function of Gwl, the regulation of Gwl is less understood. It has been shown that CDK1 phosphorylates multiple sites within the kinase domain of Gwl, leading to Gwl activation (22) (23) (24) . In addition, a C terminus site, Ser-883 in Xenopus or Ser-875 in humans, is autophosphorylated by Gwl itself as an essential step of Gwl activation (22) (23) (24) . Obviously, these phosphorylation events need to be tightly modulated by counteracting phosphatases in accordance with the transition of cell cycle stages. In fact, several recent studies suggested that both PP2A and PP1 are involved in the dephosphorylation of Gwl (25) (26) (27) (28) (29) (30) .
PP1 and PP2A are the two most abundant forms of Ser/Thr phosphatases in the cell, and both of them have been shown to regulate the cell cycle (31, 32) . PP1 in particular plays an essential role in the regulation of mitotic entry, progression, and exit by dephosphorylating many mitotic substrates, including Aurora A/B and H3 (32) (33) (34) . Vertebrate cells encode several isoforms of PP1, including PP1␣, ␤, and ␥. These isoforms of PP1 share an extraordinarily high level of similarity in sequence and function, although previous studies noted their differences in tissue-specific expression and subcellular localization (35) (36) (37) . As a major cellular Ser/Thr phosphatase, PP1 relies on additional regulatory/targeting subunits to achieve specific functions. Taking into account the vast array of regulatory/targeting subunits, it is now recognized that PP1 and other protein phosphatases exhibit similar complexity and specificity as kinases (34, 38 -40) . However, the identity of targeting subunits that direct PP1 to specific mitotic substrates and the mechanisms underlying cell cycle-dependent regulation of PP1 actions are largely unknown. In this study, we show that PP1 associates with Gwl and mediates Gwl dephosphorylation at Ser-883. Our results directly prove the role of PP1 in Gwl regulation using a phospho-specific antibody against Xenopus Gwl Ser-883. Gwl and PP1␥ dissociate during mitosis, consistent with the mitotic activation of Gwl. Importantly, we identified PPP1R3B as a specific targeting subunit that may at least partially mediate PP1/Gwl association and Gwl Ser-883 dephosphorylation.
Results

Gwl associates with specific isoforms of PP1
Reversible phosphorylation of Gwl at multiple Ser/Thr residues plays a central role in the regulation of Gwl kinase activation (22) (23) (24) . To reveal Gwl regulation by protein phosphatases, we pulled down recombinant Gwl from interphase Xenopus egg extracts and probed for the presence of various PP1 catalytic subunits. Interestingly, we observed that PP1␥, but not PP1␣ or PP1␤, associated with Gwl ( Fig. 1A) . Consistently, pulldown of recombinant PP1␥ from interphase egg extracts also recovered Gwl (Fig. 1B) . Endogenous Gwl was detected in the immunoprecipitation of PP1␥ from interphase egg extracts (Fig. 1C) , and, reciprocally, PP1␥ co-immunoprecipitated with Gwl ( Fig. 1D ). Moreover, Gwl immunoprecipitation in human cell lysates confirmed its association with PP1␥ as well as smaller portions of PP1␤ and PP1␣ ( Fig. 1E ), suggesting the involvement of PP1 isoforms in the regulation of mammalian Gwl.
Because Cdc25C, retinoblastoma, and several other cell cycle regulators are themselves direct interactors of PP1, we asked whether Gwl is a new PP1-interacting protein. However, we were unable to detect direct protein interaction using purified Gwl and PP1␥, whereas these proteins bound upon addition into interphase Xenopus egg extracts ( Fig. 1F ). Therefore, PP1␥ and Gwl association may be mediated by a third protein, possibly a targeting subunit of PP1.
PP1␥ mediates Gwl dephosphorylation at Ser-883
Existing evidence revealed three classes of reversible phosphorylation of Gwl. First, CDK1-dependent phosphorylation of Gwl within the kinase domain initiates Gwl kinase activation (22) (23) (24) . Second, phosphorylation at the C-terminal Ser-883 catalyzed by Gwl itself is an indispensable step toward Gwl activation (22) . Third, multiple phosphorylation sites within the less conserved middle segment of Gwl by CDK1 and Plk1 may regulate the subcellular localization of Gwl (16, 41) . It has been indicated that dephosphorylation of CDK1 substrate sites is primarily mediated by PP2A/B55 (11) . Therefore, we hypothesized that PP1 may regulate the dephosphorylation of Gwl at Ser-883.
To study Gwl dephosphorylation, prephosphorylated Gwl was supplemented in interphase egg extracts. Gwl Ser-883 phosphorylation was examined using a phospho-specific antibody we recently generated and validated (supplemental Fig. S1 ). In Xenopus egg extracts, the phosphatase activity toward Gwl Ser-883 was suppressed by okadaic acid, an inhibitor of PP2A and PP1 ( Fig. 2A) . Moreover, depletion of PP1 from extracts using a specific PP1-binding motif derived from the phosphatase 1 nuclear targeting subunit (Pnuts) prevented We showed in Fig. 1 that PP1␥ associated with Gwl in Xenopus egg extracts. To specifically investigate the role of PP1␤ and PP1␥ in the dephosphorylation of Gwl Ser-883, we immunodepleted either PP1␤ or PP1␥ from egg extracts. Interestingly, depletion of PP1␥, but not PP1␤, significantly reduced Ser-883 dephosphorylation (Fig. 2 , C and D). Conversely, supplementation of recombinant PP1␥ accelerated Ser-883 dephosphorylation ( Fig. 2E) . Notably, addition of exogenous PP1␥ severalfold over the endogenous level did not fully dephosphorylate Gwl Ser-883, suggesting a need for an additional, titratable factor that mediates Gwl dephosphorylation by PP1.
Gwl and PP1␥ associate in a cell cycle-dependent manner
As Gwl plays an essential role in mitosis, its dephosphorylation at Ser-883 needs to be prevented during mitosis to allow Gwl activation. We reasoned that a possible mechanism to account for the mitotic phosphorylation of Gwl Ser-883 is disruption of its PP1-association during M phase. To this end, we analyzed the association between Gwl and PP1␥ in both interphase and CSF (M phase) extracts. Interestingly, PP1␥ pulldown recovered Gwl in interphase but not CSF extracts (Fig.  3A) . The same conclusion was also reached by immunoprecipitation of endogenous PP1␥ (Fig. 3B ). Finally, PP1␥ immunopre-cipitation was performed in human cells synchronized in interphase or M phase, and only in interphase did Gwl exhibit PP1 association ( Fig. 3C ).
Gwl Ser-883 dephosphorylation is an early and essential event of mitotic exit
Mitotic exit is triggered by deactivation of CDK1 and reactivation of anti-mitotic phosphatases. These events together lead to dephosphorylation of mitotic phosphoproteins and reorganization of cellular structures to the interphase state. Given the role of Gwl in the regulation of PP2A/B55, it has been suggested that deactivation of Gwl kinase is an essential event of mitotic exit (27, 28, 30) . To delineate the involvement of PP1-dependent dephosphorylation of Gwl Ser-883 in mitotic exit, we investigated the fine kinetics of Ser-883 dephosphorylation in CSF egg extracts that undergo synchronized mitotic exit following addition of calcium. Interestingly, Gwl Ser-883 was efficiently dephosphorylated within 2 min, in correlation with partially increased gel mobility of Gwl (Fig. 4A ). Complete loss of Gwl gel retardation was observed at 10 min, presumably reflecting its dephosphorylation at CDK1-targeted sites. In comparison, dephosphorylation of Cdc25, which is primarily phosphorylated by CDK1, was evident in 8 -10 min (Fig. 4A ). Histone H3 Ser-10, a known substrate of PP1, was not dephosphorylated until 8 min, suggesting that only a portion of PP1 is initially A, to prephosphorylate Gwl, GST-Gwl beads were incubated in metaphase-arrested CSF extracts for 30 min and reisolated. GST-Gwl beads were then incubated in interphase egg extracts with or without okadaic acid (OA) for 0, 15, 30, and 60 min. GST-Gwl beads were reisolated and analyzed by immunoblotting for phospho-Gwl Ser-883 and Gwl. B, GST-Gwl was prephosphorylated as in A and then incubated in interphase extracts with or without PP1 depletion for 0, 30, and 45 min. To deplete PP1 from interphase egg extracts, the PP1-binding domain of Pnuts was purified on beads, incubated in extracts for 30 min, and then removed. A mock depletion was performed as a control. Depletion of PP1 was confirmed by immunoblotting for PP1␥ and ␤-actin. Dephosphorylation of Gwl Ser-883 in extracts with or without PP1 depletion was measured by immunoblotting for phospho-Gwl Ser-883 and Gwl. C, GST-Gwl was prephosphorylated as in A and then incubated in interphase extracts with or without PP1␤ immunodepletion for 30 min. Dephosphorylation of Gwl Ser-883 was measured by immunoblotting for phospho-Gwl Ser-883, Gwl, PP1␤, and ␤-actin. D, GST-Gwl was prephosphorylated as in A and then incubated in interphase extracts with or without PP1␥ immunodepletion for 30 min. Dephosphorylation of Gwl Ser-883 was measured by immunoblotting for phospho-Gwl Ser-883, Gwl, PP1␥, and ␤-actin. E, GST-Gwl was prephosphorylated as in A and then incubated in interphase extracts with or without supplementation of purified His-PP1␥ as in Ref. 51 . Dephosphorylation of Gwl Ser-883 was measured by immunoblotting for phospho-Gwl Ser-883, Gwl, PP1␥, and ␤-actin. The arrow points to His-PP1␥, and the asterisk marks the endogenous PP1␥. The data in this figure are representative of three or more independent experiments. activated to dephosphorylate Gwl Ser-883 and trigger mitotic exit (Fig. 4A) .
The differential kinetics of Gwl Ser-883 dephosphorylation in comparison with other mitotic phosphoproteins likely reflects the orderly reactivation of distinct phosphatases during mitotic exit. Indeed, such a pattern of dephosphorylation was not observed when the CSF extract was diluted in an interphase extract in which all antimitotic phosphatase activities are readily active (Fig. 4B ). We then sought to directly assess the functional importance of Ser-883 dephosphorylation for mitotic exit. As shown in Fig. 4C , WT or phosphomimetic S883E Gwl was supplemented in CSF extracts immunodepleted of endogenous Gwl. Although the extract reconstituted with WT Gwl underwent normal mitotic exit after calcium treatment, the extract with S883E Gwl was not released into interphase (Fig. 4C ).
PPP1R3B mediates PP1 and Gwl association
We noted that purified PP1 and Gwl do not directly interact, which led to the immediate possibility that a targeting subunit of PP1 is required to bridge their association. Gwl pulldown was performed in Xenopus egg extracts, and the pulldown product was subjected to mass spectrometric analysis. Interestingly, two potential targeting subunits of PP1, PPP1R3B and PPP1R13L, were identified. PPP1R3B was characterized previously as a glycogen-targeting subunit of PP1 (42) , and PPP1R13L, also known as inhibitor of apopto-sis-stimulating protein of p53 (iASPP), was implicated in the regulation of apoptosis and transcription via the p53 and NF-B pathways (43) . We cloned both PPP1R3B and PPP1R13L from a Xenopus oocyte cDNA library and purified recombinant proteins ( Fig. 5A) . Pulldown experiments confirmed that both PPP1R3B and PPP1R13L associate with Gwl ( Fig. 5B) .
We speculated that, if PPP1R3B or PPP1R13L serves to mediate PP1 and Gwl association, then its up-regulation should augment PP1 and Gwl association. This notion was confirmed for PPP1R3B but not PPP1R13L: Gwl pulldown or immunoprecipitation recovered higher levels of PP1 in the presence of recombinant PPP1R3B (Fig. 5, C and D) . We also showed that PPP1R3B associates with Gwl via direct protein-protein interaction ( Fig. 5E ). Finally, in light of our finding that Gwl associates with PP1 in interphase but not M phase, we investigated the cell cycle dependence of PPP1R3B association with Gwl and PP1. Of great interest to us was that PPP1R3B bound only interphase, unphosphorylated Gwl, whereas the interaction of this regulatory subunit with PP1 appeared to be constitutive (Fig. 5F) . 
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As PPP1R3B bridges PP1 and Gwl association, we sought to uncover its role in Gwl dephosphorylation. Interestingly, addition of PPP1R3B in diluted CSF extracts resulted in dephosphorylation of Gwl Ser-883 ( Fig. 6A) . A potential concern with overexpression of a phosphatase subunit is that this targeting subunit may compete with endogenous targeting subunits for PP1 binding. To alleviate this concern, PPP1R3B was preincubated in egg extracts so that the subsequent addition of PPP1R3B pulldown contains PP1 and other components of the holoenzyme. Addition of this PPP1R3B pulldown led to a similar effect of Gwl dephosphorylation (Fig. 6A ). Moreover, PPP1R3B pulldown was able to dephosphorylate purified Gwl in an in vitro phosphatase assay (Fig. 6B ). As we earlier characterized Gwl Ser-883 dephosphorylation as an early and essential event of mitotic exit, we then asked whether PPP1R3B regulates mitotic exit via Gwl dephosphorylation. Interestingly, supplementation of PPP1R3B to CSF extracts was sufficient to dephosphorylate Gwl and trigger mitotic exit (Fig. 6C ), whereas addition of PPP1R3B to cycling extracts blocked mitotic entry (Fig. 6D) . To again address the concern that exogenous PPP1R3B competes for endogenous PP1, we compared the effect of purified PPP1R3B with that of PPP1R3B pulldown in promoting mitotic exit. As shown in Fig. 6E , PPP1R3B pulldown was more efficient in causing mitotic exit, indicating that PPP1R3B does not influence mitotic exit indirectly by affecting endogenous PP1-containing complexes.
Discussion
Multiple phosphatases coordinately prevent the premature activation of Gwl
Studies in multiple experimental systems characterized an important role of Gwl kinase in mitotic progression via phosphorylation of ENSA/ARPP19 and the subsequent inhibition of PP2A/B55 (8, 9) . Like CDK1 and other mitotic kinases, the activity of Gwl is regulated in a cell cycle-dependent manner and peaks in mitosis (24) . It is therefore of great importance to reveal the detailed mechanisms that account for activation of Gwl during mitotic entry and inactivation of Gwl during mitotic exit. The activation of Gwl during mitotic entry requires at least two classes of phosphorylation events. First, CDK1 phosphorylates several sites within the activation loop of the Gwl kinase domain (22) (23) (24) , and second, the autophosphorylation of Gwl at Ser-883 is indispensable for the kinase activity of Gwl (22) . Accordingly, to inactivate Gwl during mitotic exit, phosphorylation at these sites should be removed by phosphatases, and several such enzymes may be involved.
Because PP2A/B55 acts as a principal phosphatase for many CDK1 substrates and is reactivated at M phase exit (11, 12, 44) , it is plausible that PP2A/B55 mediates the dephosphorylation of Gwl at the CDK1-targeted sites. Consistently, a previous study showed that active PP2A/B55 associated with Gwl in interphase but not M phase oocytes (26) , and more recent evidence established that PP2A can dephosphorylate Gwl at residues targeted by CDK1 (25, 45) . Other phosphatases may also be involved in removing this class of phosphorylation of Gwl: RNA polymerase II carboxyl-terminal domain phosphatase Fcp1 bound Gwl and dephosphorylated Gwl at CDK1-targeted sites (25, 29) .
In this study, we show that PP1, particularly PP1␥, binds Gwl and is responsible for the dephosphorylation of Gwl at its Ser-883 autophosphorylation site. Our results validate and extend the findings of several recent studies concluding that the dephosphorylation and inactivation of Gwl during mitotic exit is mediated by PP1 (27, 28, 30) . In this study, we were able to generate a Gwl Ser-883 phospho-specific antibody and use it to directly demonstrate the role of PP1 in Gwl Ser-883 dephosphorylation in Xenopus egg extracts. Interestingly, we report here that the PP1 and Gwl association is disrupted in mitotic extracts. This finding suggests that PP1 may prevent the premature activation of Gwl by suppressing its autophosphorylation in interphase and that dissociation of PP1 from Gwl in mitosis allows Gwl activation via autophosphorylation. We showed also, in human cells, that PP1 associated with Gwl in interphase but not in M phase, thus confirming the evolutionarily conserved nature of Gwl regulation by PP1. Given that the association of PP2A/B55 with Gwl is similarly limited to interphase (26), a picture emerges of several phosphatases patrolling interphase Gwl to ensure that the kinase does not activate prematurely.
PPP1R3B directs PP1 to dephosphorylate Gwl Ser-883 in Xenopus egg extracts
PP1 is a major form of serine/threonine phosphatase that accounts for ϳ50% of all Ser/Thr phosphatase activities in the cell (40) . Recent studies have convincingly shown that PP1 relies on additional targeting subunits to achieve specific functions. It has been estimated that over 100 targeting subunits of PP1 exist to direct the specific action of PP1 toward its numerous cellular substrates (34, 38 -40) . Thus, identification and characterization of specific targeting subunits of PP1 represent a major challenge in understanding the cellular function and regulation of PP1. Some mitotic substrates of PP1, such as Aurora-A, Aurora-B, retinoblastoma, and Cdc25C, possess PP1-docking motifs and are themselves targeting subunits of PP1. By comparison, we observed no direct PP1 and Gwl interaction using purified proteins, suggesting that their association is mediated by an additional protein, presumably a targeting subunit of PP1.
Interestingly, we identified and confirmed two targeting subunits of PP1, PPP1R3B and PPP1R13L, as Gwl-associated proteins. Addition of exogenous PPP1R3B increased PP1 and Gwl association in Xenopus egg extracts. By comparison, PPP1R13L exhibited either non-detectable or weak PP1-binding in extracts; addition of PPP1R13L in extracts did not significantly increase PP1 and Gwl association. These findings suggest PPP1R3B as a targeting subunit that mediates PP1-dependent regulation of Gwl, whereas the nature of Gwl and PPP1R13L association remains to be investigated. We further demonstrated that PPP1R3B promoted Gwl Ser-883 dephosphorylation in both egg extracts and an in vitro phosphatase assay. Thus, in line with its role in Gwl regulation, our study suggests PPP1R3B as a new cell cycle regulator whose up-regulation suppresses mitotic entry and triggers mitotic exit in Xenopus egg extracts. This conclusion, however, will require further validation, as our attempts to immunodeplete PPP1R3B from Xenopus egg extracts were unsuccessful. Moreover, future studies 
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are needed to clarify whether PPP1R3B plays a similar role in mammalian cells and whether additional targeting subunits of PP1 are involved.
Gwl Ser-883 dephosphorylation is an early and essential event of mitotic exit
We report here that Gwl and PPP1R3B dissociate in M phase. This finding is consistent with the cell cycle-dependent association of Gwl and PP1. Presumably, dissociation of PPP1R3B from Gwl upon mitotic entry enables Gwl activation, and their reassociation during mitotic exit silences Gwl kinase. The mechanism underlying the dynamic Gwl and PPP1R3B association is not known but possibly involves CDK1-dependent phosphorylation of Gwl, PP1, or PPP1R3B.
Of perhaps even greater interest is the series of events leading to the silencing Gwl kinase and mitotic exit. By analyzing the fine kinetics of mitotic exit, we showed that dephosphorylation of Gwl Ser-883 occurs prior to that of many other mitotic substrates of PP2A or PP1. This result suggests that various antimitotic phosphatase activities are sequentially activated during mitotic exit and that the portion of PP1 activity targeting Gwl Ser-883 is involved in the initiation of mitotic exit. Notably, several studies provided at least circumstantial evidence that PP1-dependent dephosphorylation of Gwl may serve as one of the initial triggers for PP2A/B55 reactivation and mitotic exit. First, a recent study discovered a PP1-to-PP2A relay controlling mitotic progression and exit (46) . Second, modeling suggests that inactivation of Gwl must precede the dephosphorylation of ENSA/ARPP19 by PP2A/B55 to allow the phosphatase to autoreactivate itself as it participates in switch-like regulation of mitotic phosphosubstrates (44, 47) . Finally, we showed that Gwl Ser-883 dephosphorylation is an essential event of mitotic exit in Xenopus egg extracts, as replacing endogenous Gwl with phosphomimetic S883E mutant blocked mitotic exit.
The idea that Gwl Ser-883 dephosphorylation by PP1 acts as an upstream event in mitotic exit raises the intriguing question of how this dephosphorylation event is permitted prior to full inactivation of Gwl and CDK. A particular challenge to this model also lies in that Gwl and PPP1R3B/PP1 are dissociated in metaphase-arrested egg extracts or cells, and then they must reassociate rapidly following metaphase-to-anaphase transition to allow Ser-883 dephosphorylation. An interesting although unproven possibility is that the association is regulated through CDK1-dependent phosphorylation of the PP1-PPP1R3B complex, which can then undergo autodephosphorylation upon initial dephosphorylation. Consistently, mathematical modeling illustrated that a small reduction in CDK activity can trigger partial PP1 activation, allowing a rapid response (28) . In any event, further delineation of the fine kinetics and mechanisms of Gwl and PPP1R3B association and dissociation will yield new insights into the regulation of mitotic progression.
Experimental procedures
Antibodies
Commercial antibodies used in this study included rabbit anti-PP1␣ (A300-904A, lot 2), ␤ (A300-905A, lot 1), and ␥ (A300-906A, lot 1) and ␤-Actin (A300-491A, lot 12) antibodies purchased from Bethyl Labs (Montgomery, TX); mouse anti-MBP antibody (E8032S, lot 0091204) from New England Biolabs (Ipswich, MA); rabbit anti-GST antibody (G7781, lot 059K4833) from Sigma; and rabbit anti-phospho-H3 Ser-10 (3377) and phospho-CDK (9477S, lot 2) substrate antibodies from Cell Signaling Technology ( Danvers, MA). Gwl antibodies were characterized previously (48) or purchased from Millipore (MABT372, Billerica, MA). A rabbit polyclonal antibody to Gwl Ser-883 was generated using a phosphopeptide derived from the C-terminal sequence of Xenopus Gwl. Xenopus Cdc25C antibody was provided by Drs. Kumagai and Dunphy (Caltech) (49) . The antibodies purchased from major commercial resources had been validated in numerous previous studies. In addition, the specificity of antibodies was confirmed by recognition of the immune signals at the expected size with the expected biological behaviors and down-regulation and upregulation of the targeted proteins. In particular, the Gwl Ser-883 antibody is uniquely characterized in this study. This phospho-specific antibody recognizes mitotic and phosphorylated Gwl in vitro and in extracts; the immune signal using this antibody was diminished with Gwl depletion.
Cell culture
The human cervix carcinoma (HeLa) cell line, authenticated by the ATCC, was maintained in DMEM (Hyclone) with 10% FBS (Hyclone). Cells were synchronized in interphase or M phase with thymidine (2 mM) or nocodazole (2 M), respectively.
Immunoblotting, immunodepletion, and immunoprecipitation
Immunoblotting, immunodepletion, and immunoprecipitation were performed as described previously (50) . For immunoblotting, samples were boiled in 2ϫ Laemmli sample buffer, resolved by SDS-PAGE, and then electrotransferred to PVDF membranes (Millipore). Membranes were blocked with 5% nonfat dry milk in 1ϫ TBST (10 mM Tris HCl (pH 7.5), 150 mM NaCl, and 0.05% Tween 20) and then incubated with specific primary antibodies. Membranes were then washed in 1ϫ TBST and incubated in HRP-conjugated secondary antibodies (Sigma). Immunoreactive signals were detected using the ECL substrate kit (Pierce). For immunodepletion, anti-mouse or anti-rabbit magnetic beads (New England Biolabs) were prewashed in washing buffer (50 mM HEPES (pH 7.5), 150 mM NaCl, 1 mM DTT, and 0.5% Tween 20) and then incubated with antibodies. To reduce nonspecific binding, beads were incubated with washing buffer supplemented with 1% bovine serum albumin. Beads conjugated with antibodies were washed and then mixed with Xenopus egg extracts. After 30 min of incubation, the beads were removed with a magnet, and the remaining extracts were collected. For immunoprecipitation, anti-mouse or anti-rabbit magnetic beads were conjugated to antibodies as described above and then mixed with egg extracts. After 30 min of incubation, the beads were removed with a magnet and washed before elution with 2ϫ Laemmli sample buffer and analysis by immunoblotting.
Protein expression and purification
The Xenopus PP1␥ gene was cloned from a Xenopus oocyte cDNA library as described previously (51) using the targeting sequences ATGGCAGATGTTGAC and ATTTATTTCTTT-GCTTG. Xenopus PPP1R3B was cloned from the Xenopus oocyte cDNA library using the targeting sequences TCCA-TGGCGGTAGACATCGCCATG and TTCTTAATAAGG-TCCTAGTTTATC. Xenopus PPP1R13L was cloned from the Xenopus oocyte cDNA library using the targeting sequences ATGTCAGGAGAAAAG and TCACTTGGGACTACG. These genes were then inserted into the pGEX4T vector with an N-terminal GST tag or pMAL-parallel plasmid with an N-terminal MBP tag. GST or MBP-tagged Xenopus Gwl was cloned and characterized as in our previous study (52) . GSTtagged Pnuts-M was cloned and characterized as in our previous study (50) . These proteins were then expressed in BL21 bacterial cells and purified with glutathione or amylose beads.
Xenopus egg extracts
Cytostatic factor (CSF) extracts were prepared as described previously (52) . Eggs were dejellied with 2% cysteine in 1ϫ XB (1 M KCl, 10 mM MgCl 2 , 100 mM HEPES (pH 7.7), and 500 mM sucrose) and washed in 1ϫ XB and 1ϫ MEB (1 M KCl, 11 mM MgCl 2 , 100 mM HEPES (pH 7.7), 500 mM sucrose, and 5 mM EGTA (pH 7.7)). Eggs were packed in centrifuge tubes by lowspeed centrifugation and then crushed by centrifugation at 10,000 ϫ g. The cytoplasmic layer was collected and further separated by another centrifugation at 10,000 ϫ g. For cycling extracts, eggs were rinsed with distilled water and then dejellied with 2% cysteine in 1ϫ XB. The eggs were washed five times in 0.2ϫ MMR buffer (100 mM NaCl, 2 mM KCl, 1 mM MgCl 2, 2 mM CaCl 2, 0.1 mM EDTA, 10 mM HEPES, and KOH to pH 7.8). The Ca 2ϩ ionophore A23187 was added to 10 ng/ml until the animal poles rotated. The eggs were then washed and packed by lowspeed centrifugation. The eggs were crushed by centrifugation at 10,000 ϫ g. The cytoplasmic layer was transferred to new tubes, and energy mix (7.5 mM creatine phosphate, 1 mM ATP, and 1 MgCl 2 ) was added. The cytoplasmic layer was further separated by another centrifugation at 10,000 ϫ g.
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